Dysfunction associated with the aging process positions aging as a leading culprit for development of devastating diseases and mounting health-care costs. Many age-associated conditions for which aging increases risk are neurological disorders with no effective treatments, including Alzheimer's disease. As the proportion of aged individuals continues to rise in the coming decades, aging-related costs are expected to increase dramatically. Diverse approaches have emerged to meet the clinical need to treat aging and its associated conditions, including those aimed at increasing longevity, slowing the aging process itself, and improving healthspan. An emerging approach takes advantage of molecules circulating in the blood to limit or reverse aspects of aging in various organs throughout the body. Efforts are underway to translate these findings into novel therapeutics that harness the activity of youth-associated molecules present within blood. Here, we discuss the current state of bloodbased approaches in this arena. Despite the apparent ease with which blood products might conceivably be applied as treatment paradigms, we propose that challenges nonetheless exist, which may be overcome with mechanistic studies that identify common pathways for targeted therapeutics.
Introduction
Much of the global population has enjoyed increased lifespan in the era of modern medicine, yet this has come at the cost of increased social and economic burden as our societies struggle to cope with the toll of aging-associated conditions. Leading causes of mortality in developed countries include conditions for which aging is a powerful risk factor, including cancer, diseases of the cardiovascular system, and various neurological disorders. Strikingly, for many of the aging-associated neurological disorders, including Alzheimer's disease (AD), there are no effective treatments despite robust research and clinical investment for several decades. Delaying the onset of AD by only a modest number of years would translate into meaningful benefits for affected individuals in terms of quality of life. Along these lines, a novel approach within geroscience research has been to delay the onset of aging to mitigate the burden of aging-associated conditions by targeting one's healthspan -the length of time spent as a healthy individual [1] . In principle, this approach is not necessarily based on catering therapies to specific diseases, but rather on treating the umbrella of aging-associated disorders to increase healthspan while maximizing the ratio of health benefit and investment [2] . Thought leaders within the geroscience community have argued for the re-classification of "aging" and its associated conditions as a disease in the hope of stimulating approval and investment. Metformin, an FDA-approved drug for the treatment of diabetes, is being tested in a cohort of elderly individuals as a proof-of-concept trial known as the Targeting Aging with Metformin (TAME) trial that may serve to convince the FDA that aging should be classified as a disease worthy of dedicated therapies. Aside from metformin, various other anti-aging directions are being actively evaluated, including rapamycin (and "rapalogs") and NAD+ [2] , and diet-based approaches that include variants of the Mediterranean diet, a "fasting-mimicking" diet, and caloric restriction [3, 4] .
The disease-associated consequences of aging will require innovative therapeutic approaches grounded in understanding and harnessing the complex physiology of diverse organ systems. The discovery that the systemic environment can be exploited to alter regenerative capacity in various aged tissues represents one such approach, a research topic that has ignited both scientific and public interest. A flurry of studies has demonstrated that exposure to young blood improves the function of various aged tissues, including skeletal muscle, liver, and brain (see [5, 6] for review). Still other studies have described the activity of specific youth-associated proteins that partially recapitulate the anti-aging activity of young blood, including GDF11 [7] [8] [9] , TIMP2 [10] , oxytocin [11] , and osteocalcin [12] . Most recently, we have reported similar activity present within human blood plasma transferred to aged mice, which results in enhanced synaptic plasticity in memory-relevant brain regions and corresponding improvements in cognitive function [10] . The current cache of studies argues that development of blood-based therapies is a prudent strategy for limiting aging-associated dysfunction. We discuss key findings in this field and describe various approaches being implemented towards translation of these findings. Finally, conceptual, practical, and ethical challenges to the realization of bloodbased regenerative medicine will be discussed. We suggest that further mechanistic studies are needed to identify common pathways, thus facilitating the development of drugs that minimize off-target effects while maximizing the revitalizing potential of blood products and their derivatives.
Anti-Aging Approaches to Exploit the Systemic Environment
Early studies probing the systemic influence on aging and lifespan utilized a parabiosis model in which aged rats were surgically connected to young to uncover evidence suggestive of young blood's influence on lifespan in aged animals [13, 14] . More recent work has taken advantage of the observations made by the Rando laboratory that investigated the link between the systemic environment and rejuvenation of aged tissue. In this seminal work, aged mice were surgically connected to young mice using a refined version of the classical parabiosis technique [15] . The young blood-exposed aged partner in "heterochronic" pairs experiences youthful levels of skeletal muscle regeneration in an injury model compared to isochronic pairs of aged mice [15] . A subsequent study demonstrated reduced age-related muscle fibrosis with increased Wnt signaling following young blood exposure [16] . Later studies also reported the skeletal muscle stem cell regeneration phenotype using either heterochronic parabiosis [9] or a blood exchange model [17] . Despite the complexity of the model [18] , parabiosis has proven to be an invaluable research tool in expanding the role of young blood in aging across many tissues [5] . Loffredo et al. [8] reported that aged mice sharing young blood via parabiosis exhibit reduced age-related cardiac hypertrophy and decreased ventricular myocyte size. Age-related decreases in pancreatic β-cell proliferation are reverted towards youthful levels after only 2-3 weeks of sharing young blood [19] , and parameters of kidney aging are also improved in aged parabionts sharing young blood [20] . The rejuvenating potential of young blood was also illustrated in a model of tibial fracture repair; bone healing in aged mice is significantly improved when sharing young blood [21] . Perhaps most surprisingly, the effects of young blood are transduced -via largely unknown mechanisms -beyond the blood-brain barrier to ameliorate age-related brain dysfunction. Aged parabionts exposed to young blood exhibit increased adult neurogenesis [7, 22] and improved hippocampal synaptic plasticity [23] . Furthermore, in a toxin-induced model of focal demyelination in the aged mouse spinal cord, exposure to young blood via parabiosis increases remyelination at the injury site [24] .
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Several studies have assessed the rejuvenating potential of young plasma, the soluble component of blood, finding that it recapitulates many of the phenotypes conferred by young blood in parabiosis studies. For example, intravenous injections in aged mice with young mouse plasma increase expression of hippocampal synaptic plasticity markers and long-term potentiation, memory, and anxiety-related behavior [12, 23] . Aged rats treated with young plasma exhibit improvements in liver regeneration and other parameters associated with liver aging, partially through alterations in autophagy [25] . Systemic treatment of aged immunodeficient ("NSG") mice with human umbilical cord plasma was found to similarly improve measures of hippocampal synaptic plasticity and cognitive performance [10] , suggesting that plasma possesses rejuvenating activity regardless of species. Finally, mice engineered to develop the amyloid lesions found in AD patients exhibit improved synaptic integrity when exposed to young blood or plasma [26] and may exhibit reduced amyloid burden in a separate model [27] . Moreover, a recent study reported enhanced non-amyloidogenic activity within umbilical cord serum that improves AD-like pathology and cognitive performance in mice [28] .
These early heterochronic parabiosis and plasma transfer studies motivated the approach to simply transfuse blood products from young individuals to elderly subjects suffering from age-related diseases. Alkahest, a Grifols-backed start-up focused on translating bloodbased approaches for the treatment of age-related conditions, sponsored a preliminary trial conducted by Stanford University that assessed young blood plasma. This trial, the Plasma for Alzheimer's Symptom Amelioration (PLASMA) study [29] , evaluated the feasibility and safety of treating mild to moderate AD subjects with plasma from young adults (18-30 years of age). Nine subjects received plasma or placebo control weekly over the course of 1 month prior to switching to the opposite treatment; an additional 9 subjects were treated using an open-label amendment protocol. In general, the treatment was well tolerated, and no treatment-related adverse events were reported. The study authors also reported hints of improvement in secondary outcomes of functional activity gleaned from clinical assessments. A subsequent Phase 2 trial is focused on a related approach to treat subjects with a proprietary fraction-refined product, GRF6019. Reducing the complexity of conventional blood plasma products in this way presumably creates a more efficacious product that is better equipped to target age-related phenotypes.
Several groups have also examined factors present in aged blood that may play a role in the development of agerelated phenotypes. One study reported that young mice sharing aged blood exhibit impaired hippocampal neurogenesis and long-term potentiation compared to young isochronic pairs [22] . Treatment with aged plasma mimics this loss in plasticity, as demonstrated by impaired learning and memory performance and reduced neurogenesis [22] . A study using blood exchange also found that aged blood impairs muscle-related performance and hippocampal neurogenesis [17] . Finally, a recent heterochronic parabiosis study reported that young mice sharing aged blood exhibit reduced chondrocyte proliferation in the cartilaginous tissue of the knee [30] .
Several of the aged blood-mediated phenotypes observed in young parabionts can be recapitulated by systemic treatment with proteins elevated in aged blood (Table 1), including CCL11 and β-2-microglobulin (B2M). Young mice treated systemically with recombinant CCL11 or B2M exhibit impaired memory and reduced hippocampal neurogenesis [22, 31] . The accumulation of B2M in aged muscle and brain may be mediated by TGF-β/pSMAD3 signaling [32] , and its negative effects on the brain may act in part through MHC I signaling molecules [31] . These results raise the possibility of an alternative therapeutic strategy to young blood or plasma approaches that instead focuses on targeting pro-aging molecules present within the aged circulation. Such approaches may include antibody-mediated neutralization, antagonist approaches, or the targeting of aging-associated master regulators. A converse approach has focused on proteins enriched in young plasma that decline with advancing age at varying rates along a hypothetical aging spectrum (Fig. 1) . GDF11, which was reported to be elevated in young blood, has been reported to improve cardiac hypertrophy [8] , muscle regeneration [9] , cerebrovascular integrity, and adult neurogenesis [7] , though its precise change along the aging spectrum in blood is under active study and may depend on tools used for its measurement [33] [34] [35] . Additional analytical tools are needed to determine its precise concentration and activity in complex milieux. Oxytocin, the blood hormone associated with social bonding, parturition, and reproduction, is elevated in young blood and is sufficient to improve age-related declines in muscle regeneration, primarily via MAPK/ERK signaling [11] . Systemic administration of growth hormone-releasing hormone (GHRH) ameliorates age-related cognitive decline in both rodents and human subjects [36, 37] . TIMP2 was recently found to be elevated in young mouse blood and human umbilical cord plasma [10] . Systemic treatment with TIMP2 increases synaptic plasticity and improves learning and memory in aged mice, while its plasma immunodepletion eliminates the learning and memory benefits conferred by cord plasma [10] . Finally, osteocalcin has recently been identified as another critical component of young plasma activity [12] . Systemic osteocalcin treatment improves memory and anxiety-like behavior in aged mice, acting in part through the orphan receptor GPR158 [12] . Together, these results suggest that multiple factors play distinct roles in mediating the effects of young blood within specific organs (Table 1). Further study is needed to identify whether these factors converge on common pathways to broadly influence tissue rejuvenation.
Conceptual and Practical Challenges to the Realization of Blood-Based Therapies
To combat the uniquely complex challenges presented by age-associated diseases, innovative strategies are needed that can target the interconnected physiology among organ systems. The body of work identifying signals in the systemic environment that either accelerate or ameliorate aging in many tissues takes advantage of this complex physiology. Especially in the case of certain central nervous system disorders where the blood-brain barrier often thwarts attempts to reach targets within brain parenchyma, blood-based therapies offer unique advantages. Though blood products have been safely used in a medical setting to treat a variety of conditions for many years, their use for the treatment of aging-related conditions is not without challenges and requires thoughtful consideration before rapid translation.
One challenge to translation is the inherent complexity of blood products. Aside from collection, quality control, supply, and lot heterogeneity logistics, the potential for simultaneously transferring factors that counteract or limit rejuvenating potential of more potent, purified factors is likely. Given the association of rejuvenating factors with growth and developmental processes, the possibility also exists for transferring factors that confer unwanted Hypothetical age-dependent changes in blood-borne factor concentration. Curves in green depict hypothetical concentration changes in youth-associated blood-borne factors that may decline quickly from birth (a') or more gradually over the course of aging (a). The red curve depicts a hypothetical pro-aging factor "b" that accumulates rapidly with advancing age. Blue arrows indicate putative points for therapeutic intervention that may depend on the disease or process being targeted. Possible interventions include approaches targeting the loss of youth-associated activity, either by providing agonists or supplementation with the youth-associated factor, or they may target age-related accumulation of pro-aging activity via antagonists or neutralization of the pro-aging factor.
DOI: 10.1159/000492573 side effects that potentially raise the risk of cancer or other conditions, especially in the setting of a sustained treatment course. Nearly all our current understanding related to the link between the systemic environment and aging has been gleaned from animal studies, making it unclear whether the effects cross species barriers. One approach to circumvent aspects of this issue has been the development of aged immunodeficient mouse models to directly test the activity of human plasma and its fractions [10] , provided that factors identified in this way are then assayed in normal mice to determine whether effects observed depend on normal immune function. Consideration of mouse and human differences may be important given the focus on neurogenesis-related phenotypes in the brain [7, 22, 31] (see [38] for review), especially as the existence of appreciable adult neurogenesis in the human brain and whether there is age-related decline is actively contested [39] [40] [41] [42] . Studies in higher organisms (e.g., nonhuman primates) may ultimately be needed to guide development of specific protein factors for anti-aging applications. These risks may be greatly mitigated by the use of refined fractions tested preclinically and following rigorous assessments in a placebo-controlled, double-blind and randomized trial design. Approaches that target more than one biological process and multiple tissues, possibly through the identification of common pathways, may be advantageous to limit the systemic effects of aging, though design considerations may need to cope with conflicting influence of factors on different tissues that may complicate rejuvenation-related treatment. In certain cases, blood-based therapies risk oversimplifying complex age-related diseases unless they can be tailored to distinct disease phases along the aging spectrum. For example, distinct approaches may be needed to either target early-stage lesions in AD or the late-stage synaptic dysfunction observed later in the course of AD (Fig. 1) . Finally, as different blood-based therapies are considered and designed, various ethical challenges should inform their development. Blood plasma is not an unlimited commodity, and access to the resource may be divided disproportionately within different health systems. Those with means may potentially benefit from a market that preys on those who are economically disadvantaged, setting up improper incentives to evaluate efficacy or generalizability. The ease with which blood and plasma can be transferred to another individual also raises the specter of exploitation in unregulated markets where safety to both subjects and donors would be in jeopardy. The execution of rigorous, peer-reviewed preclinical research followed by standardized clinical trials is a sensible approach to mitigating, while not eliminating, these potential abuses of emerging blood-based therapies. How these approaches are tested, designed, and implemented will play a large part in determining whether blood-based therapy grows beyond a quixotic concept into life-saving medicine.
